Structural vibration testing might be a promising method to study the mechanical properties of spinal motion segments as an alternative to imaging and spinal manipulation techniques. Structural vibration testing is a non-destructive measurement technique that measures the response of a system to an applied vibration as a function of frequency, and allows determination of modal parameters such as resonance frequencies (ratio between stiffness and mass), vibration modes (pattern of motion) and damping. The objective of this study was to determine if structural vibration testing can reveal the resonance frequencies that correspond to the mode shapes flexionextension, lateroflexion and axial rotation of lumbar motion segments, and to establish whether resonance frequencies can discriminate specific structural alterations of the motion segment. Therefore, a shaker was used to vibrate the upper vertebra of 16 goat lumbar motion segments, while the response was obtained from accelerometers on the transverse and spinous processes and the anterior side of the upper vertebra. Measurements were performed in three conditions: intact, after dissection of the ligaments, and after puncturing the annulus fibrosus. The results showed clear resonance peaks for flexion-extension, lateral bending, and axial rotation for all segments. Dissection of the ligaments did not affect the resonance frequencies, but puncturing the annulus reduced the resonance frequency of axial rotation. These results indicate that vibration testing can be utilized to assess the modal parameters of lumbar motion segments, and might eventually be used to study the mechanical properties of spinal motion segments in vivo.
INTRODUCTION
The mechanical functioning of the spine is to a large extent determined by the mechanical properties of the intervertebral disc, facet joints and ligaments.
Degeneration of these structures can lead to alterations in the stiffness of motion segments, which might cause the spine to become unstable [81] [82] [83] [84] . The stiffness of the spine may also be altered by spinal surgery. For example, surgery targeting spinal stenosis often implicates that the overlying lamina and the supraspinous ligament of the motion segment are removed, which might destabilize the spine [85] [86] [87] .
The treatment of segmental instability aims at increasing segmental stiffness. To decide whether restabilizing instrumentation is needed and which segments should be targeted, the exact location and severity of the instability needs to be established.
At present, the mechanical properties of individual spinal motion segments cannot be measured in vivo because MRI and radiographs can only provide an estimate of the mechanical properties based on degeneration and instrumented spinal manipulation and intraoperative measurement devices can only obtain the mechanical properties of the entire spine; although these devices typically apply a transverse or bending force to the spinous processes and measure the deflection at the point of force application, they do not take into account that the load-displacement data of only one segment does not reflect the mechanical properties of this single segment, but of the tested as well as all adjacent segments [105] .
An alternative method for measuring the mechanical properties of individual motion segments might be structural vibration testing, which measures the response of a system to an applied vibration as a function of frequency. The resulting frequency response function (FRF) allows determination of modal parameters such as resonance frequencies (ratio between stiffness and mass), vibration modes (pattern of motion) and damping. It is also possible to estimate the mass m, stiffness k and damping c by using a parameter estimation procedure based on the relationship between the FRF Their studies showed that FRF-data can be used to identify the presence, location and magnitude of structural alterations, but the authors did not determine resonance frequencies and corresponding mode shapes and were (therefore) unable to assign specific FRF features to specific alterations in structural state (e.g. linkage of L1-L2
leads to an increase of the resonance frequency for bending).
The main objective of the present study was to determine if structural vibration testing can reveal the resonance frequencies of spinal motion segments that correspond to the mode shapes flexion-extension bending, lateral bending, and axial rotation. The second objective was to establish whether resonance frequencies can discriminate specific structural alterations of the motion segment.
MATERIALS AND METHODS

Specimens
Six lumbar spines from Dutch milk goats were obtained from the abattoir, wrapped in plastic bags and stored at -21 o C. Eighteen hours prior to vibration testing, the spines were thawed to room temperature and the musculature was carefully removed, leaving the ligaments intact. The spines were dissected in single motion segments resulting in 4x T16-L1, 6x L2-L3 and 6x L4-L5; sixteen single motion segments in total. Three screws were inserted in the lower end vertebra, which was then embedded in a cup using a low melting temperature alloy (Wood's metal). A hole was drilled in one of the pedicles of the upper vertebra, and a screw was inserted for later shaker attachment.
Saline-soaked gauze was wrapped around the specimens and sprayed with saline solution during preparation to minimize dehydration.
Vibration equipment and test set-up
Vibration was provided by an electromagnetic vibration exciter ( and 1) was available as feedback on the monitor. When the coherence was <0.8 the measurement was considered of insufficient quality and the trial was repeated. A schematic drawing of the measurement set-up is provided in Figure 3 .2.
Experimental procedure
To examine whether alterations in the structural integrity affected the resonance frequencies, trials were performed in three different structural conditions: 1) intact, 2) after the dissection of the interspinous, supraspinous and intertransverse ligaments, ligamenta flava and the facet capsulary ligaments, and 3) after puncturing the annulus fibrosus at the ventral side of the intervertebral disc with a 5 mm diameter punch. To examine linearity, trials were performed at two different force levels in a subset of eight segments. 
Data analysis
Excitation and response data were extracted using a computer program written in Matlab (Mathworks, Natick MA, USA). First, the cross power spectral density of the response and excitation signal S XF (ω) and the power spectral density of the excitation signal S FF (ω) were calculated according to Welch's averaged modified periodogram method of spectral estimation, using a Hamming window with a window size of half the sample frequency and 50% overlap. From these, the frequency response function (FRF) was calculated as the quotient of S XF (ω) and S FF (ω) . In connection with the 90 º -phase criterion, the imaginary part of the FRF displays a peak when the excitation frequency equals the resonance frequency; therefore, the imaginary part of the FRF was plotted versus the frequency (Figure 3. 3). The locations of the first five resonance peaks of the FRF were then determined for the three conditions for each specimen.
Since the specimens were taken from three segmental levels, this procedure resulted in 
Statistics
Statistical analysis was performed to examine whether the resonance frequencies were significantly different for the three structural conditions and for the three segmental levels, and whether segmental level and condition interacted. Because several specimens were obtained from one goat spine, observations might not be independent. Therefore, linear multilevel analysis was used, which is an extension of standard regression techniques [90, 91] . All statistical tests were performed using SPSS 16 (SPSS INC., Chicago, IL), significance was set at p<0.05. 
RESULTS
. Mean values and standard deviations of the frequencies of resonance peaks 1-5 for L4-L5 (solid line), L2-L3 (dotted line) and T16-L1 (dashed line) for the three conditions (I, intact; nL, no ligaments; P, after annulus puncture). The asterisks indicates a significant reduction in the resonance frequency for all segments when the annulus was punctured. The hash symbol indicates that the resonance frequency was significantly higher for T16-L1 than for L2-L3 and L4-L5 in the punctured condition.
segment was altered. In this typical example, peak 2, 4 and 5 appear to have shifted to the left after the annulus was punctured. Figure 3 .4 shows the mean values and standard deviations (in Hz) for the resonance frequencies 1-5 of all 16 specimens for the three structural conditions and for the three segmental levels.
Assessment of the mode shape
Assessment of the phase information from the two accelerometers on the two transverse processes (TP1 and TP2 in Figure 3. 3) shows that the sensors moved inphase at the frequencies of peak 2 and 4 and in anti-phase at the frequency of peak 5. In-phase movement indicates that the mode shape was a bending or shear mode and anti-phase motion indicates that the mode shape was axial rotation. The phase information from the signals from the accelerometers on the spinous process and on the ventral side of the vertebra (VB and PS in Figure 3. 3) shows that peaks 1 and 3 corresponded to lateral bending or lateral shear.
Building the multilevel linear model
Before the model was constructed, the parameter "condition" was recoded into two levels using dummy variables; intact versus no ligaments (I-nL) and no ligaments versus annulus puncture (nL-P). The multilevel model was built up starting with fixed parameters only (condition and segment level), after which random coefficients were added (random intercept for goat and a random slope for segment level). Improvement of the model overall fit was tested using chi-square likelihood tests comparing the old and the new model. There was no significant covariance between slopes and intercepts. The final model therefore consisted of "goat" as subject variable, with "I-nL", "nL-P", "segment level" and the interaction between "segment level" and "I-nL" and between "segment level" and "nL-P" as fixed coefficients with a random intercept and random slope for "segment level".
Statistical results of the resonance frequencies
The structural condition predicted the resonance frequency; dissection of ligaments had a borderline significant effect on the prediction of peak 1 (F(1,26)=3.920, p=0.058), and puncturing the annulus fibrosus had a highly significant effect on the showed that resonance frequencies were higher for the T16-L1 segment than for the L4-L5 and L2-L3 segment. The interactions between segment level and condition did not significantly predict the resonance frequency, which indicates that manipulating the integrity of the segment had the same effect on all the segmental levels tested.
Linearity check
All specimens exhibited linear characteristics when excited in the intact condition.
After dissection of the ligaments and puncturing of the annulus only two out of eight specimens showed a slight difference between the two FRFs obtained at different force levels between 0 and 400 Hz, suggesting that nonlinearities were excited in this frequency range (Figure 3 .5).
DISCUSSION
Structural vibration testing is a non-destructive measurement technique that is used in engineering to identify the mechanical properties of a structure and can be used to identify structural damage, such as cracks. The main objective of this study was to In addition to clear resonance frequencies, it was also possible to identify which peak corresponded to axial rotation; however, using phase information it was not possible
The feasibility of modal testing of goat vertebral motion segments to determine whether peak 2 or peak 4 corresponded to flexion-extension and whether peak 1 or peak 3 corresponded to lateroflexion. Phase information only shows that the sensors moved in phase, however, this also happens during shear movements or during higher order bending modes; when the first bending mode is visualized as a simple arc, the second bending mode would have had the shape of a sine. Shear movement and higher bending modes would have resulted in a higher resonance frequency, making it likely that peak 1 corresponded to lateroflexion and peak 2 corresponded to flexionextension. Another mode shape that might correspond to peak 3 and peak 4 might be the coupled motion of bending and torsion, which is normal motion behaviour for the lumbar spine [92, 93] . Additional measurements with more sensors are needed to determine the mode shapes that corresponded to peak 3 and peak 4.
The second objective was to establish whether resonance frequencies can discriminate specific structural alterations of the motion segment. The results show that puncturing the annulus fibrosus, which was performed to decrease the axial stiffness of the segment, indeed reduced the frequency of peak 5 that might correspond to a torsion mode. However, dissection of the ligaments did not significantly change the resonances for peak 1 and peak 2 for lateroflexion and flexion-extension. A lack of effect on the FRF of ligament dissection was also found for the sacroiliac joint by Conza et al. [94] .
They explained their lack of results compared to other studies by the fact that they performed dynamic tests, while the other studies performed static tests. Although they did not elaborate on the differences between static and dynamic (vibration) testing, their reasoning might be correct. In vibration testing, the amplitude of motion is typically very low; in spinal segment testing this low amplitude might imply that the segment moves within the neutral zone. Previous studies found that motions within the neutral zone implicate that the ligaments are not stretched and therefore add no stiffness to the segment [20, 95] . Accordingly, removing the ligaments does not reduce the resonance frequency. Removal of the ligaments might even have increased the resonance frequencies in some cases in the present study (Figure 3.3) . This can be explained by the fact that removing ligamentous tissue also means that mass is removed from the system; a reduction in mass at constant stiffness increases the resonance frequency.
Since the ligamentous tissue that was removed weighed around 15 gram and the mass of the intact system was around 83 gram, this could account for an increase of the resonance frequency by some 10%. The reduction of the resonance frequency for practice the rotational stiffness is known to be largely affected when a cylinder wall is interrupted by drilling a hole. The effect of an interruption of the annulus fibrosus on the rotational stiffness was studied recently in rat tails by Michalek et al. [96] . The authors measured rotational stiffness in intact discs and after needle puncture injuries with a 30G-, a 25G-and a 21G-needle, and found a significantly lower axial rotational motion after the annulus was punctured by a needle >25G. However, they also found that the torsion behaviour in the neutral zone, where the annular fibres are lax, was not affected by the puncture. The contrast between the findings of Michalek et al. and
the findings in the current study could mean that the response amplitude of the axial rotation was beyond the neutral zone and therefore annulus fibres did contribute to the rotational stiffness. This is not necessarily in contrast to the previous explanation that the segment did not move beyond the neutral zone, since the neutral zone is smaller in axial rotation than in flexion-extension and lateroflexion, as was found by Busscher et al. in human and porcine spines [75] . The stiffness contribution of the annulus fibrosus may be large compared to the ligaments, because of its shorter collagen fibres and higher cross-sectional area.
CONCLUSION
This study showed that the resonance frequencies of spinal motion segments for flexion-extension, lateroflexion and axial rotation can be determined by structural vibration testing, and that resonance frequencies can discriminate specific structural alterations of the motion segment. Based on these results, vibration testing might be a promising method to study the mechanical properties of larger spinal sections and ultimately patients suffering from low-back disorders.
